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Abstract 


Background: Whereas severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) is associated with severe 
disease, human coronavirus HKU1 (HCoV-HKU1) commonly circulates in the human populations causing generally 
milder illness. Spike (S) protein of SARS-CoV activates the unfolded protein response (UPR). It is not understood 
whether HCoV-HKU1 S protein has similar activity. In addition, the UPR-activating domain in SARS-CoV S protein 


remains to be identified. 


Results: In this study we compared S proteins of SARS-CoV and HCoV-HKU1 for their ability to activate the UPR. 
Both S proteins were found in the endoplasmic reticulum. Transmembrane serine protease TMPRSS2 catalyzed the 
cleavage of SARS-CoV S protein, but not the counterpart in HCoV-HKU1. Both S proteins showed a similar pattern of 
UPR-activating activity. Through PERK kinase they activated the transcription of UPR effector genes such as Grp78, 
Grp94 and CHOP. N-linked glycosylation was not required for the activation of the UPR by S proteins. S1 subunit of 
SARS-CoV but not its counterpart in HCoV-HKU1 was capable of activating the UPR. A central region (amino acids 


201-400) of SARS-CoV S1 was required for this activity. 


Conclusions: SARS-CoV and HCoV-HKU1 S proteins use distinct UPR-activating domains to exert the same 
modulatory effects on UPR signaling. 
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Introduction 

Coronaviruses are enveloped viruses with a _ long 
positive-stranded RNA genome of ~30 kb. Their replica- 
tion occurs in the cytoplasm and has a profound impact 
on the endoplasmic reticulum (ER) [1,2]. Particularly, 
extraordinarily large amounts of viral structural and 
non-structural proteins are synthesized and processed 
primarily in the ER. To facilitate this process, corona- 
viruses have developed strategies to modulate signal 
transduction pathways that govern ER function. We and 
others have previously shown that severe acute respira- 
tory syndrome coronavirus (SARS-CoV) and mouse 


* Correspondence: dyjin@hku.hk 

‘Department of Biochemistry, The University of Hong Kong, 3/F Laboratory 
Block, Faculty of Medicine Building, 21 Sassoon Road, Pokfulam, Hong Kong 
Full list of author information is available at the end of the article 


C BioMed Central 


hepatitis virus (MHV) spike (S) proteins induce ER 
stress and activate cellular unfolded protein response 
(UPR) in the ER [3-5]. Several other viral proteins of 
SARS-CoV are also known to be capable of activating 
the UPR [6-9]. 

Coronaviruses that are known to infect humans 
broadly include two categories of viruses. In the first cat- 
egory, the viruses commonly circulate in human popula- 
tions and cause generally mild respiratory illnesses. 
These viruses that are thought to be well adapted to 
humans include human coronavirus 229E (HCoV-229E), 
HCoV-OC43, HCoV-NL63 and HCoV-HKU1 [10-12]. In 
the family Coronaviridae, HCoV-229E and HCoV-NL63 
belong to the genus Alphacoronavirus, whereas HCoV- 
OC43 and HCoV-HKU1 are in the lineage A of the 
genus Betacoronavirus. In the second category, the 
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viruses accidentally or newly cross the species barrier to 
infect humans. SARS-CoV and the emerging Middle 
East respiratory syndrome coronavirus (MERS-CoV) are 
two well known examples in this category [13-16]. They 
are less well adapted to humans and cause severe and 
highly lethal diseases. Whereas SARS-CoV belongs to 
lineage B of the genus Betacoronavirus, MERS-CoV rep- 
resents lineage C of the same genus. The molecular 
mechanisms that determine the severity of diseases in 
coronavirus infection remain poorly understood. Par- 
ticularly, it is not known whether S proteins of human 
coronaviruses in the above two categories have similar 
UPR-activating activity. We therefore set out to compare 
S proteins of SARS-CoV and HCoV-HKU1 for their abil- 
ity to modulate the UPR. All three branches of the UPR, 
which are governed by ER-resident transmembrane pro- 
teins ATF6, IRE1 and PERK, respectively [17,18], were 
examined. 

HCoV-HKU1 is a betacoronavirus initially identified in 
2005 from a patient with community-acquired pneumo- 
nia [11]. It was subsequently found to be commonly as- 
sociated with respiratory tract infections worldwide 
[12,19,20]. However, molecular and cellular pathogenesis 
of HCoV-HKU1 in contrast to SARS-CoV remains elu- 
sive. Although primary human ciliated airway epithelial 
cells and type II alveolar epithelial cells have been tested 
for culturing of HCoV-HKU1 with limited success 
[21-23], HCoV-HKU1 remains a very-difficult-to-culture 
virus in most laboratories. Worse still, an infectious 
clone of HCoV-HKU1 is not available. At this stage, ana- 
lysis of cloned HCoV-HKUI1 genes represents a major 
route for deriving mechanistic insight on HCoV-HKU1 
pathogenesis. 

Coronavirus S proteins mediate the interaction with 
host cell receptors, membrane fusion and the induction 
of humoral and cellular immune responses [1,24]. In 
addition, S proteins play an important role in coronaviral 
pathogenesis by modulating host protein synthesis, cyto- 
kine secretion and stress response [4,5,25-27]. Changes 
in S proteins are critical determinants in cross-species 
transmission [28]. In this context, comparison of the 
UPR-activating activity of SARS-CoV and HCoV-HKU1 
S proteins might shed new light on their roles in 
coronavirus-host interaction. 

In this study, we provided the first evidence for the ac- 
tivation of ER stress and the UPR by HCoV-HKU1 5S 
protein. We compared the UPR-activating activity of 
SARS-CoV and HCoV-HKU1 § proteins in terms of 
their influence on the expression of UPR effectors 
Grp78, Grp94, CHOP and PERK. We also assessed the 
impact of N-linked glycosylation on the activation of 
UPR signaling by S proteins. Furthermore, we defined a 
minimal domain in S1 subunit required for the UPR- 
activating activity of SARS-CoV S protein. Our findings 
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provide new molecular details for UPR activation by 
SARS-CoV and HCoV-HKUI1 S proteins. 


Results 

Expression, localization and cleavage of SARS-CoV and 
HCoV-HKU1 S proteins 

Before we compared the UPR-activating activity of 
SARS-CoV and HCoV-HKU1 S proteins, we expressed 
them in 293FT cells. Both Western blotting (Figure 1A) 
and confocal immunofluorescence microscopy (Figure 1B) 
indicated effective expression of both proteins to similar 
levels. The molecular sizes of both S proteins were ~155 
kDa, indicative of post-translational modifications. This 
was generally consistent with the reported size of 
SARS-CoV S protein [2-4]. With the help of the fluores- 
cent ER marker of DsRed-ER, we confirmed that both $ 
proteins resided largely in the ER (Figure 1B, panels 3 
and 6). 

SARS-CoV S protein is proteolytically processed into S1 
and §2 subunits by host proteases such as cathepsin L, fac- 
tor Xa, trypsin and transmembrane serine protease 
TMPRSS2 [29-34]. Particularly, TMPRSS2 efficiently acti- 
vates S proteins of SARS-CoV as well as MERS-CoV and 
HCoV-229E [32-36]. Moreover, TMPRSS2 and related 
proteases TMPRSS4, which are abundantly expressed in 
human alveolar epithelial cells, are capable of activating 
influenza virus hemagglutinin [37]. To investigate whether 
they might also proteolytically activate HCoV-HKU1 S$ 
protein, we expressed them together in 293FT cells. Coex- 
pression of TMPRSS2 with SARS-CoV S protein resulted 
in the appearance of S1 subunit, indicative of proteolytic 
cleavage (Figure 2, lane 3). Although a V5 tag was added 
to the N-terminus of SARS-CoV S protein, the cleavage 
was not affected. The action of TMPRSS2 on SARS-CoV 
S was highly specific since TMPRSS1 and TMPRSS4 had 
no activity under the same condition (Figure 2, lanes 1 
and 2). In contrast, none of the three proteases cleaved 
HCoV-HKU1 S protein (Figure 2, lanes 4-6). Thus, 
HCoV-HKU1 S protein is not processed by TMPRSS1, 
TMPRSS2 or TMPRSS4. 


S proteins from both SARS-CoV and HCoV-HKU1 activate 
UPR 

We and others have previously demonstrated transcrip- 
tional activation of Grp78 and Grp94 promoters by 
SARS-CoV S protein [3-5]. Grp78 and Grp94 are mo- 
lecular chaperones that are drastically induced in re- 
sponse to ER stress. They therefore served as robust 
indicators of the UPR [17,18]. The promoter activity of 
Grp78 and Grp94. was activated by S proteins of SARS- 
CoV and HCoV-HKU1 to similar levels (Figure 3A and 
B). The stimulatory effect of HCoV-HKU1 S protein is 
dose-dependent and equally potent compared to that of 
SARS-CoV S protein. In contrast, overexpression of p- 
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Figure 1 Expression and localization of SARS-CoV and HCoV-HKU1 S proteins. (A) Western blot analysis. 293FT cells were transfected with 
pLenti-SCV-S and pLenti-HKU1-S constructs expressing V5-tagged SARS-CoV S protein (SCV-S) and HCoV-HKU1 S protein (HKU1-S), respectively. 
Cells in the control group received empty p-Lenti vector only. Cells were lysed and immunoblotted with anti-V5 and anti-a-tubulin antibodies. 
(B) Confocal immunostaining. SARS-CoV and HCoV-HKU1 S proteins were expressed in HeLa cells and stained with anti-V5 antibody (panels 1 and 
4). DsRed-ER was used as an ER marker (panels 2 and 5). The S (green) and DsRed-ER (red) fluorescent signals are overlaid and colocalization is in 
yellow (panels 3 and 6). Nuclear morphology was visualized with DAPI and is in blue. Bar, 20 uM. 


galactosidase, a large foreign protein, had minimal or 
very mild effect on Grp78 and Grp94 promoter activity. 
Thus, S proteins from both viruses might induce ER 
stress and activate the UPR. 

We next tested the influence of S proteins on the tran- 
scriptional activity driven by CHOP promoter and 
UPRE. CHOP is a proapoptotic transcription factor acti- 
vated in the UPR [38,39]. UPRE is an enhancer element 
responsive to ATF6, XBP1 and CREB3-related transcrip- 
tion factors [40-43]. UPRE mediates the activation of a 
subset of UPR genes distinct from Grp78 and Grp94 
[44,45]. S proteins of both viruses exhibited the same ac- 
tivity profile not only on Grp78 and Grp94 promoters, 
but also on CHOP promoter and UPRE. They activated 
CHOP promoter mildly but did not affect the activity of 
UPRE (Figure 3C and D). Thus, S proteins of SARS-CoV 
and HCoV-HKU1 showed the same pattern of modula- 
tory activity on UPR effector genes. 
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Figure 2 Proteolytic cleavage of SARS-CoV S protein by 
TMPRSS2. 293FT cells were cotransfected with FLAG-tagged 
TMPRSS1/4/2 and V5-tagged S proteins. Western blotting was 
performed with anti-V5 and anti-FLAG antibodies. Arrow points to 
S1 subunit of SARS-CoV. 


sss 


HKU1-S 


PERK is a protein kinase that controls the expression of 
many UPR effector genes including Grp78 and Grp94 
[17,46,47]. To analyze further whether PERK activity is re- 
quired for transcriptional activation of Grp78 and Grp94 
promoters by SARS-CoV and HCoV-HKU1 S proteins, we 
made use of a dominant negative (DN) mutant of PERK 
which constitutively inhibits PERK kinase activity [48]. If 
the activation of Grp78 and Grp94 proteins by S proteins 
requires PERK, their stimulatory effect would be reversed 
in the presence of PERK-DN. Consistent with our previous 
findings [3], activation of Grp78 and Grp94 promoters by 
SARS-CoV S protein was enhanced by wild-type PERK 
(PERK-WT) and dampened by PERK-DN (Figure 4A and 
B). A very similar pattern was also observed for HCoV- 
HKU1 S protein. In other words, PERK-WT and PERK-DN 
exerted opposite effects on the activation of Grp78 and 
Grp94 promoters by S proteins from both viruses 
(Figure 4A and B). Thus, the activation of Grp78 and 
Grp94 expression by S proteins is mediated through PERK. 


N-linked glycosylation is not required for UPR activation 
by S proteins 

Glycosylation might affect the folding, stability, sorting 
and function of viral structural proteins [49]. Corona- 
virus S protein is heavily glycosylated. N-linked glycosyl- 
ation of SARS-CoV S protein is known to be critical to 
receptor binding, viral entry and infectivity [50-52]. 
Since N-linked glycosylation of S protein might overload 
the ER leading to the activation of the UPR, it will be of 
interest to see whether N-linked glycosylation of SARS- 
CoV and HCoV-HKU1 §S proteins might be influential in 
their induction of ER stress. N-linked glycosylation sites 
in SARS-CoV S protein has been documented [50-52]. 
Based on comparison and prediction with the help of a 
computer program, ten major N-linked glycosylation 
sites in SARS-CoV S protein and nine sites in HCoV- 
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Figure 3 UPR activation by S proteins. 293FT cells were transfected with the indicated expression vector together with luciferase reporter 
plasmid pGrp78-Luc (A), pGrp94-Luc (B), PCHOP-Luc (C) or pUPRE-Luc (D). Cells were harvested 36 h post-transfection for dual luciferase assay. 
Progressively escalating amounts of expression plasmids for B-galactosidase (8-gal) and S proteins were used. Fold activation was calculated from 
readouts of firefly luciferase activity normalized to those of Renilla luciferase activity. Activity recovered from cells transfected with pLenti vector 
alone was set as 1. Means from triplicate experiments are presented and error bars indicate SD. In panel D, there is no statistically significant 
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HKU1 S protein were chosen for further analysis. When 
all these sites were mutated, electrophoretic mobility of 
the mutant S proteins on SDS-PAGE gel was no long 
shifted upon treatment of cell lysates with endoglycosidase 
PNGase F (Figure 5A and B), indicating their deficiency in 
N-linked glycosylation. However, compared to the wild- 
type proteins, these mutants were equally competent in 


the activation of Grp78 and Grp94 promoters (Figure 5C- 
F). Hence, N-linked glycosylation is not influential in UPR 
activation by SARS-CoV and HCoV-HKUI S proteins. 


Mapping of UPR-activating domain in SARS-CoV S protein 
SARS-CoV S protein is cleaved into $1 and S2 subunits 
[29-34]. Above we showed the proteolytic cleavage of 


e 
Grp78-Luc Grp94-Luc 
30 
8 § 8 
ie 3 
8 ® 
z ZB4 
2 10 2 
0 0 
PERK-WT - -+- -+- -+- PERK-WT - -+- -t-  -4t- 
PERK-DN ~ ar a Rha PERK-DN ~ SS SE, Set 
vector B-gal SCV-S HKU1-S vector B-gal SCV-S HKU1-S 
Figure 4 Requirement of PERK for UPR activation by S proteins. 293FT cells were transfected with the indicated expression vectors together 
with either pGrp78-Luc (A) or pGrp94-Luc (B) reporter plasmid. Cells were harvested 36 h post-transfection for dual luciferase assay. 
mm 


Siu et al. Cell & Bioscience 2014, 4:3 
http://www.cellandbioscience.com/content/4/1/3 


Page 5 of 9 


SCV-S SCV-Sm (V5) -HKU1-S_HKU1-Sm (V5) 
- + - + + PNGase F - + ~ + PNGaseF 
a-V5 a-V5 
eee wouin SSS win 
123 4 12 3 4 
Cc D 
40 Grp78-Luc 25 Grp94-Luc 
< 20 
30 5 
Sag s* 
r) © 
td 3 10 
3 3 
2 10 vg 
0 0 
vector —! —- vector —<! —afl 
SCV-S SCV-Sm SCV-S SCV-Sm 
F 
30) Grp78-Luc 25 Grp94-Luc 
5 20 
$20 § 
3 we 15 
2) > 
: 8 10 
3 © 
2 10 3 
£5 
0 0 
vector —! —al vector —‘‘i ——<l 
HKU1-S HKU1-Sm HKU1-S_ HKU1-Sm 
Figure 5 Impact of N-linked glycosylation on UPR activation by S proteins. (A, B) N-linked glycosylation mutants. SARS-CoV and HCoV-HKU1 
S proteins and their N-linked glycosylation mutants (SCV-Sm and HKU1-Sm) were expressed in 293FT cells. To remove N-linked glycans, cell lysates were 
incubated with endoglycosidase PNGase F for 1 h at 37°C. (C-F) Luciferase reporter assay. S proteins and their N-linked glycosylation mutants in 
escalating dose were compared for the activity to activate luciferase reporter expression driven by Grp78 and Grp94 promoters. 


SARS-CoV S protein by TMPRSS2 protease (Figure 2), 
but the processing of HCoV-HKUI1 S protein is not me- 
diated by this enzyme and remains elusive. To determine 
whether the UPR-activating property of SARS-CoV 5S 
protein is mediated by S1 (amino acids 1-770) or S2 
(amino acids 771-1255) subunit, we expressed them in 
293FT cells (Figure 6A, lanes 2 and 3). Whereas S2 has 
no influence on the activation of Grp78 and Grp94 
promoters, S1 was fully competent in this activation 
(Figure 6B and D). To compare the two S proteins, we also 
expressed the polypeptides corresponding to S1 (amino 
acids 1-869) and S2 (amino acids 870-1255) of HCoV- 
HKU1 (Figure 6A, lanes 8 and 9), although we had no evi- 
dence in support of the cleavage of S in that virus. To our 
surprise, neither S1 nor $2 of HCoV-HKU1 was able to ac- 
tivate Grp78 or Grp94 promoter (Figure 6C and E). 

To further dissect the UPR-activating domain in 
SARS-CoV S1 subunit, we constructed three truncated 


mutants S1-M1 (amino acids 201-770), S1-M2 (amino 
acids 401-770) and S1-M3 (amino acids 534-770). 
These mutants were expressed in 293FT cells (Figure 6A, 
lanes 4—6). Among them only $1-M1 was capable of ac- 
tivating the transcriptional activity of Grp78 and Grp94 
promoters (Figure 6B and D). Neither S1-M2 nor S1-M3 
was active in the same assay. Thus, the central region 
(amino acids 201-400) of SARS-CoV S1 subunit is in- 
dispensable for the UPR-activating activity. 


Discussion 

In this study we compared and contrasted the UPR- 
activating activity of S proteins of SARS-CoV and 
HCoV-HKU1. We found that the two S proteins share 
the following three properties in common. First, they 
localize predominantly to the ER (Figure 1). Second, they 
display a similar profile of UPR-activating properties 
with the ability to activate Grp78, Grp94 and CHOP 
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Figure 6 Mapping of UPR-activating domain in SARS-CoV and HCoV-HKU1 S proteins. (A) Truncated mutants. SARS-CoV (SCV) S protein 
and its truncated mutants $1 (amino acids 1-770), S2 (amino acids 771-1255), S1-M1 (amino acids 201-770), S1-M2 (amino acids 401-770) and 
S1-M3 (arnino acids 534-770) as well as HCoV-HKU1 S protein and its truncated mutants $1 (amino acids 1-869) and S2 (amino acids 870-1356) 
were expressed in 293FT cells. (B-E) Luciferase reporter assay. S protein and its truncated mutants in escalating doses were compared for the ac- 
tivity to activate luciferase reporter expression driven by Grp78 and Grp94 promoters. 


promoters but not UPRE enhancer (Figure 3). Third, 
their activation of Grp78 and Grp94 promoters requires 
catalytic activity of PERK (Figure 4) but not N-linked 
glycosylation (Figure 5). On the other hand, the two § 
proteins also exhibit distinct properties in protease clea- 
vability and UPR-activating domain. TMPRSS2 protease 
is capable of cleaving SARS-CoV S protein into $1 and 
S2 subunits, but has no proteolytic activity on HCoV- 
HKUI1 S protein (Figure 2). The S1 subunit of SARS- 
CoV sufficiently activates the UPR, but its counterpart in 
HCoV-HKUI1 has no UPR-modulating activity (Figure 6). 
Thus, although the UPR-activating domains in SARS- 
CoV and HCoV-HKU1 § proteins are distinct, their 
modulatory effects on UPR signaling are similar. 

We provided the first evidence for the ability of HCoV- 
HKU1 S protein to modulate the UPR. This adds HCoV- 
HKU1 to the list of coronaviruses including SARS-CoV 
and MHV, which use S protein to activate the UPR [3-5]. 
Although the direct evidence remains to be seen, HCoV- 


OC43, another human betacoronavirus of lineage A, 
might also use S protein to modulate the UPR, since a 
mutant HCoV-OC43 carrying two persistence-associated 
mutations in S was able to activate the UPR more potently 
[53]. It will be of interest to see whether other corona- 
viruses including the emerging MERS-CoV might also 
employ S protein to activate the UPR. More importantly, 
new investigations should be directed towards under- 
standing the biological significance of UPR activation in 
coronavirus life cycle. 

Whereas the UPR-activating domain maps to a central 
region (amino acids 201-400) in SARS-CoV S protein, 
the S1 fragment (amino acids 1-869) of HCoV-HKU1 S$ 
protein was unable to activate the UPR (Figure 6). The 
central regions of the two S proteins are relatively less 
conserved. It remains to be seen whether HCoV-HKU1 
S protein might use one part of S1 and another part of 
S2 to perform its function in UPR modulation. Another 
possibility is that some regions in the S1 fragment of 
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HCoV-HKU1 could exert suppressive effect on UPR ac- 
tivation. Further experiments are required to define the 
UPR-activating domain in HCoV-HKU1 §S protein. 
Elevated expression of molecular chaperones such as 
Grp78 and Grp94 would plausibly increase the capacity 
of ER to fold and process coronaviral proteins produced 
in extraordinarily high amounts during viral replication. 
This might explain why Grp78 and Grp94 promoters are 
activated potently by S proteins. On the other hand, 
CHOP mediates ER stress-induced apoptosis and UPRE 
controls the transcription of some UPR effector genes 
involved in ER-associated protein degradation, such as 
EDEM [38,45]. Compared to Grp78 and Grp94 pro- 
moters, the activation of CHOP promoter by § proteins 
was very modest (Figure 3C). Moreover, S proteins did 
not activate UPRE-dependent transcription (Figure 3D). 
Hence, UPR activation by S proteins is highly selective 
and in the benefit of the viruses. This is in line with the 
idea that ER stress-induced apoptosis or ER-associated 
protein degradation would be undesirable in the early 
phase of SARS-CoV and HCoV-HKUI replication. Exactly 
how S proteins differentially modulate UPR signaling to 
facilitate viral replication merits further analysis. 
HCoV-HKUI remains unculturable except in primary 
human airway or alveolar epithelial cells [21-23]. This 
and the lack of an infectious HCoV-HKU1 clone pre- 
vented us from analyzing UPR activation in infected 
cells. Establishing a more accessible and efficient culture 
system and an animal model for the study of HCoV- 
HKU1 infection is the next challenge in the field. In 
addition, a recombinant lentivirus pseudotyped with 
HCoV-HKU1 S protein can also be used to study the roles 
of S protein in viral entry and pathogenesis. Particularly, 
such a pseudotyped virus might prove useful in the ana- 
lysis of UPR activation by HCoV-HKU1 S protein. 
SARS-CoV is a highly pathogenic coronavirus in humans, 
whereas human infection with HCoV-HKU1 is more com- 
mon but causes less severe disease [12,19,20]. Because S 
proteins from both viruses are equally competent in the ac- 
tivation of the UPR, the UPR-modulating property of S pro- 
teins is unlikely a critical determinant in the severity of 
disease associated with SARS-CoV and HCoV-HKUI1. 
However, TMPRSS2 protease was capable of cleaving 
SARS-CoV S protein, but not HCoV-HKU1 S protein, into 
S1 and S1 subunits (Figure 2). Moreover, SARS-CoV $1 
protein, but not its counterpart in HCoV-HKUI1, was re- 
quired and sufficient for UPR activation (Figure 6). Cleava- 
bility of surface proteins by host proteases is an important 
virulence determinant in coronaviruses and other viruses 
such as influenza [1,14,37]. In this connection, it will not be 
too surprising if the inability of TMPRSS2 to cleave HCoV- 
HKU1 might affect pathogenesis. It will be even more inter- 
esting to see whether the ability of S1 to activate the UPR 
might be related to viral replication and pathogenesis. 
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Our findings that SARS-CoV and HCoV-HKU1 S$ pro- 
teins activate ER stress and the UPR might have implications 
in therapeutic intervention. Pharmaceutical modulators of 
ER stress and the UPR have been developed and tested for 
various disease conditions including viral infection [54,55]. 
Interestingly, whereas inhibition of PERK kinase has been 
found to inhibit cytomegalovirus replication [56], activation 
of the UPR with a small-molecule compound also has 
broad-spectrum antiviral activity [57]. Thus, our demonstra- 
tion of the activation of the UPR by S proteins might pave 
the way for further evaluation of the utility of UPR- 
modulating agents for the treatment of diseases associated 
with SARS-CoV and HCoV-HKU1 infection. 


Materials and methods 
Plasmids and antibodies 
Expression plasmids for human PERK and its DN mu- 
tant K621M were obtained from Ronald Wek [48]. 
Reporter plasmid pCHOP-Luc, in which luciferase ex- 
pression is driven by human CHOP promoter (—644 to 
+91), was provided by Nai Sum Wong [23]. Reporter 
plasmids pGRP78-Luc and pGRP94-Luc were gifts from 
Kazutoshi Mori [40,58]. The Grp78 and Grp94 pro- 
moters are derived from —304 to +34 of human Grp78 
gene and -363 to +34 of human Grp94 gene, respect- 
ively. Both promoters harbor multiple copies of ER 
stress response element [58]. pUPRE-Luc reporter plas- 
mid has been described elsewhere [41,42]. 

Mouse monoclonal anti-V5 antibody was purchased 
from Invitrogen. Mouse anti-FLAG antibody (clone M2) 
was from Sigma-Aldrich. 


Cell culture and transfection 

293FT and HeLa cells were grown in Dulbecco's modified 
Eagle’s medium containing 10% fetal bovine serum and 
antibiotics. Cells were transfected with Gene-Juice trans- 
fection reagent (Novagen) as described [42,59]. The SV40 
large T antigen is constitutively expressed in 293FT cells. 


Western blotting and luciferase reporter assay 

Western blotting and dual luciferase reporter assay 
were carried out as described [42,59]. Control plasmid 
pRLSV40 expressing Renilla luciferase (Promega) was 
cotransfected into cells and firefly luciferase activity was 
normalized to that of Renilla luciferase in all experiments. 


Laser-scanning confocal microscopy 

Confocal immunofluorescence microscopy was per- 
formed on LSM510 (Carl-Zeiss) as described [60,61]. 
HeLa cells were transfected with an S-expressing plas- 
mid and pDsRed-ER (Clontech) for 36 h. Cells were then 
fixed and stained with anti-V5 antibody. Nuclei were 
counter-stained with 4', 6-diamidino-2-phenylindole 
(DAPI) before mounting. 
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Site-directed mutagenesis 

N-linked glycosylation mutants of S proteins were 
constructed by using a site-directed mutagenesis kit 
(Agilent). Potential N-linked glycosylation sites were an- 
alyzed online by the NetNGlyc program (website: http:// 
www.cbs.dtu.dk/services/NetNGlyc/). For SARS-CoV S$ 
protein, asparagine residues at positions 29, 65, 119, 227, 
318, 330, 357, 589, 669 and 783 were mutated to glutam- 
ine. For HCoV-HKU1 S protein, asparagine residues at 
positions 19, 29, 192, 335, 433, 454, 664, 684 and 725 
were mutated to glutamine. 


Endoglycosidase treatment 

N-linked glycans were removed from S protein by endo- 
glycosidase treatment as described [42]. In brief, cell ly- 
sates were incubated with endoglycosidase PNGase F 
(New England BioLabs) for 1 h at 37°C. 


Competing interests 
The authors declare that they have no competing interests. 


Authors’ contributions 

KLS, KHK, PCYW and DYJ designed research and analyzed data. KLS and CPC 
performed research. KLS and DYJ wrote the paper. All authors read and 
approved the final manuscript. 


Acknowledgments 
We thank Kazutoshi Mori, David Ron, Ronald Wek and Nai-Sum Wong for 
gifts of plasmids; and Chun Kew, Pak-Yin Lui and Kit-San Yuen for critical 
reading of manuscript. This work was supported by Hong Kong Health and 
Medical Research Fund (10091192) and Hong Kong Research Grants Council 
(HKU1/CRF/11G). 


Author details 

‘Department of Biochemistry, The University of Hong Kong, 3/F Laboratory 
Block, Faculty of Medicine Building, 21 Sassoon Road, Pokfulam, Hong Kong. 
*Department of Microbiology, The University of Hong Kong, Pokfulam, Hong 
Kong. 


Received: 16 August 2013 Accepted: 2 October 2013 
Published: 13 January 2014 


References 
1. Weiss SR, Leibowitz JL: Coronavirus pathogenesis. Adv Virus Res 2011, 
81:85-164. 


2. — Totura AL, Baric RS: SARS coronavirus pathogenesis: host innate immune 
responses and viral antagonism of interferon. Curr Opin Virol 2012, 2:264-275. 

3. Chan CP, Siu KL, Chin KT, Yuen KY, Zheng B, Jin DY: Modulation of the 
unfolded protein response by severe acute respiratory syndrome 
coronavirus spike protein. J Virol 2006, 80:9279-9287. 

4. Versteeg GA, van de Nes PS, Bredenbeek PJ, Spaan WJM: The coronavirus 
spike protein induces endoplasmic reticulum stress and upregulation of 
intracellular chemokine mRNA concentrations. J Virol 2007, 81:10981-10990. 

5. Bechill J, Chen Z, Brewer JW, Baker SC: Coronavirus infection modulates 
the unfolded protein response and mediates sustained translational 
repression. J Virol 2008, 82:4492-4501. 

6. Ye Z, Wong CK, Li P, Xie Y: A SARS-CoV protein, ORF-6, induces caspase-3 
mediated, ER stress and JNK-dependent apoptosis. Biochim Biophys 
Acta - Gen Subj 2008, 1780:1383-1387. 

7. Minakshi R, Padhan K, Rani M, Khan N, Ahmad F, Jameel S: The SARS 
Coronavirus 3a protein causes endoplasmic reticulum stress and induces 
ligand-independent downregulation of the type 1 interferon receptor. 
PLoS One 2009, 4:e8342. 

8. Sung SC, Chao CY, Jeng KS, Yang JY, Lai MMC: The 8ab protein of SARS- 
CoV is aluminal ER membrane-associated protein and induces the activa- 
tion of ATF6. Virology 2009, 387:402-413. 


20. 


21; 


22. 


23. 


24, 


25. 


26. 


27. 


28. 


30. 


Page 8 of 9 


DeDiego ML, Nieto-Torres JL, Jiménez-Guardefio JM, Regla-Nava JA, Alvarez 
E, Oliveros JC, Zhao J, Fett C, Perlman S, Enjuanes L: Severe acute respira- 
tory syndrome coronavirus envelope protein regulates cell stress re- 
sponse and apoptosis. PLoS Pathog 2011, 7:e1002315. 

van der Hoek L, Pyrc K, Jebbink MF, Vermeulen-Oost W, Berkhout RJ, 
Wolthers KC, Wertheim-van Dillen PM, Kaandorp J, Spaargaren J, Berkhout B: 
Identification of a new human coronavirus. Nat Med 2004, 10:368-373. 
Woo PCY, Lau SKP, Chu CM, Chan KH, Tsoi HW, Huang Y, Wong BH, Poon 
RWS, Cai JJ, Luk WK, Poon LLM, Wong SSY, Guan Y, Peiris JSM, Yuen KY: 
Characterization and complete genome sequence of a novel 
coronavirus, coronavirus HKU1, from patients with pneumonia. J Virol 
2005, 79:884-895. 

Jevinik M, Ursié T, Zigon N, Lusa L, Krivec U, Petrovec M: Coronavirus 
infections in hospitalized pediatric patients with acute respiratory tract 
disease. BMC Infect Dis 2012, 12:365. 

Peiris JSM, Lai ST, Poon LLM, Guan Y, Yam LYC, Lim W, Nicholls J, Yee WKS, 
Yan WW, Cheung MT, Cheng VCC, Chan KH, Tsang DNC, Yung RWH, Ng TK, 
Yuen KY: Coronavirus as a possible cause of severe acute respiratory 
syndrome. Lancet 2003, 361:1319-1325. 

Cheng VCC, Lau SKP, Woo PCY, Yuen KY: Severe acute respiratory 
syndrome coronavirus as an agent of emerging and reemerging 
infection. Clin Microbiol Rev 2007, 20:660-694. 

Zaki AM, van Boheemen S, Bestebroer TM, Osterhaus AD, Fouchier RA: 
Isolation of a novel coronavirus from a man with pneumonia in Saudi 
Arabia. N Engl J Med 2012, 367:1814-1820. 

Chan JFW, Lau SKP, Woo PCY: The emerging novel Middle East respiratory 
syndrome coronavirus: The “knowns” and “unknowns”. J Formos Med 
Assoc 2013, 112:372-381. 

Wang S, Kaufman RJ: The impact of the unfolded protein response on 
human disease. J Cell Biol 2012, 197:857-867. 

Hetz C: The unfolded protein response: controlling cell fate decisions 
under ER stress and beyond. Nat Rev Mol Cell Biol 2012, 13:89-102. 

Lau SKP, Woo PCY, Yip CCY, Tse H, Tsoi HW, Cheng VCC, Lee P, Tang BSF, 
Cheung CHY, Lee RA, So LY, Lau YL, Chan KH, Yuen KY: Coronavirus HKU1 
and other coronavirus infections in Hong Kong. J Clin Microbiol 2006, 
44:2063-2071. 

Woo PCY, Lau SKP, Yip CC, Huang Y, Yuen KY: More and more 
coronaviruses: human coronavirus HKU1. Viruses 2009, 1:57-71. 

Pyrc K, Sims AC, Dijkman R, Jebbink M, Long C, Deming D, Donaldson E, Vabret 
A, Baric R, van der Hoek L, Pickles R: Culturing the unculturable: human 
coronavirus HKU1 infects, replicates, and produces progeny virions in 
human ciliated airway epithelial cell cultures. J Viro! 2010, 84:11255-11263. 
Dominguez SR, Travanty EA, Qian Z, Mason RJ: Human coronavirus HKU1 
infection of primary human type II alveolar epithelial cells: Cytopathic 
effects and innate immune response. PLoS One 2013, 8:e70129. 

Dijkman R, Jebbink MF, Koekkoek SM, Deijs M, JOnsdéttir HR, Molenkamp R, 
leven M, Goossens H, Thiel V, van der Hoek L: Isolation and 
characterization of current human coronavirus strains in primary human 
epithelial cell cultures reveal differences in target cell tropism. J Virol 
2013, 87:6081-6090. 

Du L, He Y, Zhou Y, Liu S, Zheng BJ, Jiang S: The spike protein of SARS- 
CoV — a target for vaccine and therapeutic development. Nat Rev 
Microbiol 2009, 7:226-236. 

Xiao H, Xu LH, Yamada Y, Liu DX: Coronavirus spike protein inhibits host 
cell translation by interaction with elF3f. PLoS One 2008, 3:e1494. 

Haga S, Yamamoto N, Nakai-Murakami C, Osawa Y, Tokunaga K, Sata T, 
Yamamoto N, Sasazuki T, Ishizaka Y: Modulation of TNF-a-converting en- 
zyme by the spike protein of SARS-CoV and ACE2 induces TNF-a produc- 
tion and facilitates viral entry. Proc Natl Acad Sci USA 2008, 105:7809-7814. 
Chiang SF, Lin TY, Chow KC, Chiou SH: SARS spike protein induces 
phenotypic conversion of human B cells to macrophage-like cells. 

Mol Immunol 2010, 47:2575-2586. 

Graham RL, Baric RS: Recombination, reservoirs, and the modular spike: 
mechanisms of coronavirus cross-species transmission. J Viro/ 2010, 
84:3134-3146. 

Du L, Kao RY, Zhou Y, He Y, Zhao G, Wong C, Jiang S, Yuen KY, Jin DY, 
Zheng BJ: Cleavage of spike protein of SARS coronavirus by protease 
factor Xa is associated with viral infectivity. Biochem Biophys Res Commun 
2007, 359:174-179. 

Bosch BJ, Bartelink W, Rottier PJ: Cathepsin L functionally cleaves the 
severe acute respiratory syndrome coronavirus class | fusion protein 


Siu et al. Cell & Bioscience 2014, 4:3 
http://www.cellandbioscience.com/content/4/1/3 


31, 


32. 


33; 


34. 


35, 


36. 


37. 


38. 


39. 


40. 


Al. 


42. 


43. 


45. 


46. 


47. 


48. 


49. 


50. 


upstream of rather than adjacent to the fusion peptide. J Virol 2008, 
82:8887-8890. 

Belouzard S, Chu VC, Whittaker GR: Activation of the SARS coronavirus 
spike protein via sequential proteolytic cleavage at two distinct sites. 
Proc Natl Acad Sci USA 2009, 106:5871-5876. 

Matsuyama S, Nagata N, Shirato K, Kawase M, Takeda M, Taguchi F: Efficient 
activation of the severe acute respiratory syndrome coronavirus spike protein 
by the transmembrane protease TMPRSS2. J Virol! 2010, 84:12658-12664. 

Shulla A, Heald-Sargent T, Subramanya G, Zhao J, Perlman S, Gallagher T: A trans- 
membrane serine protease is linked to the severe acute respiratory syndrome 
coronavirus receptor and activates virus entry. J Virol 2011, 85:873-882. 
Bertram S, Glowacka |, Miller MA, Lavender H, Gnirss K, Nehlmeier |, 
Niemeyer D, He Y, Simmons G, Drosten C, Soilleux EJ, Jahn O, Steffen |, 
Pohimann S: Cleavage and activation of the severe acute respiratory 
syndrome coronavirus spike protein by human airway trypsin-like prote- 
ase. J Virol 2011, 85:13363-13372. 

Bertram S, Dijkman R, Habjan M, Heurich A, Gierer S, Glowacka |, Welsch K, 
Winkler M, Schneider H, Hofmann-Winkler H, Thiel V, PohImann S: TMPRSS2 
activates the human coronavirus 229E for cathepsin-independent host 
cell entry and is expressed in viral target cells in the respiratory epithe- 
lium. J Virol 2013, 87:6150-6160. 

Gierer S, Bertram S, Kaup F, Wrensch F, Heurich A, Kramer-KUhIl A, Welsch K, 
Winkler M, Meyer B, Drosten C, Dittmer U, von Hahn T, Simmons G, 
Hofmann H, Pohimann S: The spike protein of the emerging 
betacoronavirus EMC uses a novel coronavirus receptor for entry, can be 
activated by TMPRSS2, and is targeted by neutralizing antibodies. J Viro/ 
2013, 87:5502-5511. 

Bertram S, Glowacka |, Blazejewska P, Soilleux E, Allen P, Danisch S, Steffen |, 
Choi SY, Park Y, Schneider H, Schughart K, Pohlmann S: TMPRSS2 and 
TMPRSS4 facilitate trypsin-independent spread of influenza virus in 
Caco-2 cells. J Virol 2010, 84:10016-10025. 

Tabas |, Ron D: Integrating the mechanisms of apoptosis induced by 
endoplasmic reticulum stress. Nat Cell Biol 2011, 13:184-190. 

Lai WL, Wong NS: ROS mediates 4HPR-induced posttranscriptional ex- 
pression of the Gadd153 gene. Free Rad Biol Med 2005, 38:1585-1593. 
Yamamoto K, Yoshida H, Kokame K, Kaufman RJ, Mori K: Differential 
contributions of ATF6 and XBP1 to the activation of endoplasmic 
reticulum stress-responsive cis-acting elements ERSE, UPRE and ERSE-ll. 
J Biochem 2004, 136:343-350. 

Chin KT, Zhou HJ, Wong CM, Lee JMF, Chan CP, Qiang BQ, Yuan JG, Ng IOL, 
Jin DY: The liver-enriched transcription factor CREB-H is a growth sup- 
pressor protein underexpressed in hepatocellular carcinoma. Nuc! Acids 
Res 2005, 33:1859-1873. 

Chan CP, Mak TY, Chin KT, Ng IOL, Jin DY: N-linked glycosylation is 
required for optimal proteolytic activation of membrane-bound 
transcription factor CREB-H. J Cell Sci 2010, 123:1438-1448. 

Chan CP, Kok KH, Jin DY: CREB3 subfamily transcription factors are not 
created equal: Recent insights from global analyses and animal models. 
Cell Biosci 2011, 1:6. 

Takayanagi S, Fukuda R, Takeuchi Y, Tsukada S, Yoshida K: Gene regulatory 
network of unfolded protein response genes in endoplasmic reticulum 
stress. Cell Stress Chaperones 2013, 18:11-23. 

Lee AH, lwakoshi NN, Glimcher LH: XBP-1 regulates a subset of 
endoplasmic reticulum resident chaperone genes in the unfolded 
protein response. Mol Cell Biol 2003, 23:7448-7459. 

Baumeister P, Luo S, Skarnes WC, Sui G, Seto E, Shi Y, Lee AS: Endoplasmic 
reticulum stress induction of the Grp78/BiP promoter: activating 
mechanisms mediated by YY1 and its interactive chromatin modifiers. 
Mol Cell Biol 2005, 25:4529-4540. 

Chan CP, Kok KH, Tang HMV, Wong CM, Jin DY: Internal ribosome entry site- 
mediated translational regulation of ATF4 splice variant in mammalian unfolded 
protein response. Biochim Biophys Acta — Mol Cell Res 2013, 1833:2165-2175. 

Ma K, Vattem KM, Wek RC: Dimerization and release of molecular 
chaperone inhibition facilitate activation of eukaryotic initiation factor-2 
kinase in response to endoplasmic reticulum stress. J Biol Chem 2002, 
277:18728-18735. 

Vigerust DJ, Shepherd VL: Virus glycosylation: role in virulence and 
immune interactions. Trends Microbiol 2007, 15:211-218. 

Han DP, Lohani M, Cho MW: Specific asparagine-linked glycosylation sites 
are critical for DC-SIGN- and L-SIGN-mediated severe acute respiratory 
syndrome coronavirus entry. J Virol 2007, 81:12029-12039. 


51. 


52: 


53: 


54. 


DD, 


56. 


of, 


58. 


5g. 


60. 


61. 


Page 9 of 9 


Zhou Y, Lu K, Pfefferle S, Bertram S, Glowacka |, Drosten C, Pohlmann S, 
Simmons G: A single asparagine-linked glycosylation site of the severe 
acute respiratory syndrome coronavirus spike glycoprotein facilitates 
inhibition by mannose-binding lectin through multiple mechanisms. 

J Virol 2010, 84:8753-8764. 

Fukushi M, Yoshinaka Y, Matsuoka Y, Hatakeyama S, Ishizaka Y, Kirikae T, 
Sasazuki T, Miyoshi-Akiyama T: Monitoring of S protein maturation in the 
endoplasmic reticulum by calnexin is important for the infectivity of severe 
acute respiratory syndrome coronavirus. J Virol 2012, 86:11745-11753. 
Favreau DJ, Desforges M, St-Jean JR, Talbot PJ: A human coronavirus OC43 
variant harboring persistence-associated mutations in the S glycopro- 
teindifferentially induces the unfolded protein response in human neu- 
rons as compared to wild-type virus. Virology 2009, 395:255-267. 

Fribley AM, Cruz PG, Miller JR, Callaghan MU, Cai P, Narula N, Neubig RR, 
Showalter HD, Larsen SD, Kirchhoff PD, Larsen MJ, Burr DA, Schultz PJ, 
Jacobs RR, Tarnayo-Castillo G, Ron D, Sherman DH, Kaufman RJ: Comple- 
mentary cell-based high-throughput screens identify novel modulators 
of the unfolded protein response. J Biomol Screen 2011, 16:825-835. 
Atkins C, Liu Q, Minthorn E, Zhang SY, Figueroa DJ, Moss K, Stanley TB, 
Sanders B, Goetz A, Gaul N, Choudhry AE, Alsaid H, Jucker BM, Axten JM, 
Kumar R: Characterization of a novel PERK kinase inhibitor with 
antitumor and antiangiogenic activity. Cancer Res 2013, 73:1993-2002. 

Yu Y, Pierciey FJ Jr, Maguire TG, Alwine JC: PKR-like endoplasmic reticulum 
kinase is necessary for lipogenic activation during HCMV infection. PLoS 
Pathog 2013, 9:e1003266. 
Perry JW, Ahmed M, Chang KO, Donato NJ, Showalter HD, Wobus CE: 
Antiviral activity of a small molecule deubiquitinase inhibitor occurs via 
induction of the unfolded protein response. PLoS Pathog 2012, 
8:e1002783. 

Yoshida H, Haze K, Yanagi H, Yura T, Mori K: Identification of the cis-acting 
endoplasmic reticulum stress response element responsible for tran- 
scriptional induction of mammalian glucose-regulated proteins: involve- 
ment of basic leucine zipper transcription factors. J Biol Chem 1998, 
273:33741-33749. 

Tang HMV, Gao WW, Chan CP, Siu YT, Wong CM, Kok KH, Ching YP, 
Takemori H, Jin DY: LKB1 tumor suppressor and salt-inducible kinases 
negatively regulate human T-cell leukemia virus type 1 transcription. 
Retrovirology 2013, 10:40. 

Ching YP, Chan SF, Jeang KT, Jin DY: Retroviral oncoprotein Tax targets 
coiled-coil centrosomal protein TAX1BP2 to induce centrosome overdu- 
plication. Nat Cell Biol 2006, 8:719-724. 

Siu KL, Kok KH, Ng MHJ, Poon VKM, Yuen KY, Zheng BJ, Jin DY: Severe 
acute respiratory syndrome coronavirus M protein inhibits type | 
interferon production by impeding the formation of TRAF3-TANK:TBK1/ 
IKKe complex. J Biol Chem 2009, 284:16202-16209. 


doi:10.1186/2045-3701-4-3 


Cite this article as: Siu et al: Comparative analysis of the activation of 
unfolded protein response by spike proteins of severe acute respiratory 


syndrome coronavirus and human coronavirus HKU1. Cell & Bioscience 
2014 4:3. 


Submit your next manuscript to BioMed Central 
and take full advantage of: 


© Convenient online submission 

¢ Thorough peer review 

© No space constraints or color figure charges 

¢ Immediate publication on acceptance 

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar 


© Research which is freely available for redistribution 


Submit your manuscript at 
www.biomedcentral.com/submit 


C > BioMed Central 


